Abstract -Water from small alluvial aquifers constitutes an attractive and low-cost option for irrigation and rural development in Northeastern Brazil. Based on piezometric measurements, geochemical analyses and electrical conductivity estimates, the present case study identified the main processes determining the hydrosaline dynamics of an alluvial aquifer in a small watershed inserted in the crystalline bedrock of a semi-arid region in Ceará and evaluated the availability of water for irrigation. Accumulation of salts in soil are related to evaporative flux from the aquifer and is increased by irrigation from the groundwater of the alluvial aquifer. The water in these aquifers may be used for irrigation, but represents a risk of soil salinization and alkalinization. Integrated management of surface and underground water resources in the Forquilha watershed may help control irrigation water quality (salinity and residual alkalinity), thereby rationalizing the use of local reservoirs and minimizing losses from evaporation. It has to take into account the complex dynamic of salts and water between the reservoirs, release of water into the river, floods and irrigations.
Introduction
Small alluvial aquifers represent an alternative water resource for irrigation and development of semi-arid regions in Northeastern Brazil. Manually perforated wells in such aquifers can supply water of reasonable quality at low cost to settlements traditionally restricted to river banks. The adequate use of all available water resources for agricultural purposes is a prerequisite for sustainable rural development (MONTENEGRO et al., 2010) .
The low evaporation flux in these small aquifers a few millimeters per year (COUDRAIN-RIBSTEIN et al., 1998 ) is a particularly interesting feature for water supply in regions with high rainfall deficit (annual rainfall is approximately 700 mm, compared to over 2000 mm in evapotranspiration). Due to the large spatial and temporal heterogeneity of rainfall and the prevalence of shallow soils, runoff is intermittent and water tends to be scarce (CADIER, 1996) . However, the use of alluvial aquifers for irrigation (BASTOS, 2009; MONTENEGRO et al., 2010) and domestic water supply is often compromised by excessive salinity. Since surface runoff, the main source of aquifer recharge (BURTE et al., 2005) , is generally of low salinity (total dissolved solids ~ 0.1 g L -1 ), in most of the semi-arid Northeast the water salinity of alluvial aquifers (~ 0.7 g L -1 ) lies between that of reservoir water (~ 0.2 g L -1 ) and groundwater in the crystalline bedrock (~ 2 g L -1 ) (AUDRY ; SUASSUNA, 1995; SALES NETO, 2002) .
The primary objective of this study was to use piezometric measurements, chemical analyses and electrical conductivity estimates to identify the main processes determining the hydrosaline dynamics of an alluvial aquifer in a small watershed inserted in the crystalline bedrock of a semi-arid region in Ceará and evaluate the availability of water for irrigation. Secondarily, the study looks at the role of integrated water resources management in the control of irrigation water salinity and its impact on soils and plants.
Materials and methods
The study area is located in the Forquilha watershed (5°17'S; 39°30'W) which covers 220 km² of the municipality of Quixeramobim (Ceará, Brazil) (FIG. 1) .
In this region the hydrological dynamics of the alluvial aquifer are determined by seasonal surface runoff. Because of shallow soils, runoff primarily takes the form of Hortonian overland flow. Runoff is only observed after the first heavy rainfalls of the rainy season. Most runoff in this period comes from intense rainfall events followed by periods without precipitation of variable duration (1 day to 2 months).Over the past decade, the manual drilling of shallow wells (< 10 m) in the alluvial aquifer has contributed to the development of small-scale (< 5 ha) irrigated forage and horticultural fields. However, irrigation restrictions due to the salinity of the alluvial groundwater appeared after 2-3 years of crops, leading local farmers in search of other sources of water for irrigation. Since 2005 the large volume of water stored in the Riacho Verde reservoir (RV in FIG. 1 ) has made it possible to release water into the Forquilha river during the dry season, making it perennial down to the end of Section 2 (FIG. 2) .
Geochemical analysis -The main characteristics and seasonal variability of the geochemical composition of the groundwater were evaluated by piezometric monitoring and chemical analyses of water samples : 160 water samples were collected for chemical analysis from the Forquilha river, reservoirs, shallow wells in the alluvial aquifer and deep wells in the crystalline aquifer. Sampling was done during the dry season (July 1999; September 2003; October 2003; January 2004; September 2004; October 2004; December 2004; October 2005) , by the end of the rainy season (July 2003; June 2004; July 2004; May 2005) (FIG. 2) was chosen to study the interaction between river and aquifer and the relation between the saturated and unsaturated zone.
In this study, residual alkalinity (AlkR), chloride (Cl -) and EC were used as tracers to monitor the contribution of different water bodies to the surface runoff (RIBOLZI et al, 1997) . AlkR was calculated with the formula:
where AlkR, AlkC (carbonate alkalinity), Ca 2+ a n d Mg 2+ a r e expressed in mEq L -1 . While the components AlkC, Ca 2+ and Mg 2+ are strongly influenced by patterns of precipitation and dissolution, residual alkalinity is relatively conservative (RIBOLZI et al., 1996) . Chloride is also an excellent conservative solute tracer.
Results and discussion
Hydrosaline dynamics of the alluvial aquifer -Whereas the hydrological dynamics of the alluvial aquifer are clearly determined by seasonal runoff patterns, the saline dynamics are less evident (FIG. 3) , suggesting the contribution of other factors, including local permeability, as demonstrated in other studies (MONTENEGRO; MONTENEGRO, 2006) , and external structures (unsaturated zone and crystalline bedrock).
The lowering of the water table in drought periods and the rise in water salinity during the rainy season led farmers and residents downstream from the Riacho Verde reservoir, especially in Section 3 (FIG. 2) , to initiate a sociopolitical process for the release of water. During the drought of 1998, the first documented release of water occurred with the purpose of making perennial a reach of the Forquilha river at a time when the water table in the alluvial aquifer was particularly low. The event triggered a heated political conflict between the communities downstream and the communities settled upstream on the shores of the reservoir. The lack of efficient communication and of a forum of negotiation between upstream and downstream stakeholders was the main obstacle to successful conflict prevention and management.
Beginning in 1998, the development of the use of groundwater for irrigation led to an increase in social pressure on local political leaders, demanding the recharge of downstream aquifers. However, the complete refilling of observed after the recharge of 2004 made the farmers aware of the negative impact of irrigation using brackish water. Therefore, in 2005 the strategy was changed, it was asked to maintain perennial the flow in the riverbed to ensure supply of low-salinity water for irrigation.
Hence, the release of water from the Riacho Verde reservoir is an essential component in the local irrigation strategy, depending on the physical condition of the aquifer (groundwater level, salinity) and on anthropic factors (sociopolitical and agricultural activity).
The monitoring of the water resources (reservoir and aquifers) at the time of water release from Riacho Verde in 2003, 2004 and 2005 shows Section 1 (closest to the reservoir) to be the most strongly impacted with regard to H and EC (FIG. 2) . In Section 2, where H ≈ H riv before the release, EC remained unchanged in spite of rising groundwater levels (P51, near the river), indicating that little water flowed from the river into the aquifer (the hydraulic gradient between river and aquifer is almost zero). In Section 3, the release of water rarely produces short-term effects because the volume of water is usually not sufficient to generate a flow in the river bed.
A hydrological mass balance was built for the aquifer recharge based on data from P27 (Section 1) (TAB. 1) and the following aquifer parameters: width The small value of EC 1 (0.5 dS cm -1 ) measured during the release and the 2 to 3 months after the release may be explained by the fact that mixture was not yet achieved over the whole width of the aquifer. Assuming a perfect mixture, it is possible to estimate V´0, that is, the volume with which V Recharge was mixed to attain EC 1 at the P27 piezometer.
Thus:
4 m³/m = 5% of V 0 Based on this calculation, it may be assumed that recharge from surface runoff along the river bed in this section resulted in water mixture over a relatively limited area, corresponding to approximately 5% of the aquifer width; consequently, not all the aquifer was impacted by dilution during a period of the order of 1 to 3 months. 
Now considering the whole aquifer, three elements of hydraulic infrastructure have a particularly direct influence on the hydrological dynamics of the Forquilha watershed:
• The Lagoa Cercada reservoir (FIG. 2) for hours or even weeks). This water release accounts for the maintenance of the water table in the Forquilha river bed, as registered at P60, but not at P101 or P133 (except in early 2006), indicating surface runoff did not reach P101 (FIG. 2) .
• Veneza, a barrier across the Forquilha river designed to impound water (up to 3 x 10 5 m 3 ) temporarily during rainy periods. Streamflow is seen downstream from Veneza only after the impounded water reaches the level of the spillway. Consequently, the registered runoff volume was significantly smaller at P133 than at P101, especially in years with little rainfall (2001, 2005 and 2006) . Only the greatest flood peaks observed at P60 or P101 were also reflected at P133 (FIG. 2) .
Knowledge of the hydrological dynamics of different sections of the Forquilha watershed is necessary to subsidize interpretation, discussion and management of local water resources, especially with regard to the problem of salinity.
Water quality -Based on 160 analyses performed for this study and 372 analyses available in the literature (SILVA et al., 1999) , the median values of the geochemical parameters of different water bodies (reservoirs, and alluvial aquifers in the absence or presence of surface runoff in the river bed) were compared using the Mann-Whitney test. The level of statistical ). N is the number of samples, Alk is alkalinity, AlkR is residual alkalinity, the letters (a,b,c,d) to the right of each numeric value indicate similarity between water sources * figures for the crystalline bedrock after (SILVA et al, 1999) of samples from different water bodies show that reservoirs (C1S1), alluvial aquifers (C2S1 to C3S1) and the crystalline bedrock (C3S1) have different salinity profiles and therefore different potential for irrigation.
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Use of water from small alluvial aquifers for irrigation in semi-arid regions After these measurements, residual alkalinity is negative for the crystalline bedrock and river water and positive for the alluvial aquifer.
Thus the use of alluvial aquifer water for irrigation represents a serious risk of soil alkalinization. However, in view of the spatial heterogeneity of the alluvial sediments and consequent spatial and temporal heterogeneity of the chemical composition of the water they contain, the determination of the actual risk of soil alkalinization should be based on individual analyses. Considering the preference of local farmers for micro-sprinkler systems and dripping irrigation, the high salinity and bicarbonate concentration also represent a risk for clogging drippers and drip tape holes.
Salt mass balance -The salt mass balance was determined for the pilot area based on data from P101-P113. The results for P101 (river bed), P111 (90m from the river) and P113 (190m from the river) are discussed below, but detailed data are only shown for P111 (FIG. 5) . For each piezometer, the mass of dissolved salts (g m -2 aquifer) was calculated based on the level of the water table and the salt concentration. The measured and the calculated salt mass per square meter in the dry season were compared assuming a constant salt concentration equal to C o (concentration at the beginning of the drought season). The correlations were excellent (R² > 0,85), indicating the absence of a significant external contribution during the dry season.
In 2004, when the entire aquifer was submerged during an unusually heavy rainy season (return frequency > 20 years), salinity increased significantly at P111 and P113. A delayed peak was observed at The increase in salinity after the floods of 2004 may be accounted for by either contribution from the crystalline bedrock or leaching from the unsaturated zone. The difference in salt mass between pre-flood baseline values (t 0 ) and values 27 and 90 days after the flood (t 27 a n d t 90 ) measured at the three piezometers makes it possible to calculate the amount of salt required to produce the observed increase ( TAB. 3; FIG. 6 ). The balance was carried out to test the hypothesis that salinity increased after the flood of 2004 due to the leaching of salts accumulated by evaporation in the unsaturated zone since the previous peak flood.
The salinity of the groundwater near the river decreased due to dilution by direct infiltration of low-salinity (0.07 g L -1
) runoff water along the river bed; that is the case of P101. On the contrary, the groundwater salinity farther from the aquifer (P111 and P113) increased considerably due to the leaching of 1 to 2 kg m -2 of salts (compare M values pre/post-flood in TAB. 3) from the unsaturated zone (hypothesis 1) or due to the discharge of saline water through crevices in the bedrock (hypothesis 2 , FIG. 6 ). When the level of the river falls, the river-to-aquifer flow is reverted allowing saline water to drain into the river, explaining the salinity peak observed at P101. Ninety days after the flood, when the water level of the river and the aquifer was nearly the same, the salinity was similar at P101 and P111, but still differed at P113 due to the greater distance from the river. In an earlier study of the soils in this area (2002), a drainage test yielded a salt concentration of 3 g L -1 in leached water. This is even higher than the concentration considered in the present study (1.52 and 2.04 g L -1
). Figure 6 Previous studies on the Forquilha watershed (BURTE; SCHRADER, 1998; CHAPUIS, 2001) showed that only part of the salts contained in irrigation water is consumed by crops (mainly Ca 2+ and K + ). The remaining salts are retained in the unsaturated zone from where they are eventually leached, in support of our conceptual model. This is one of the essential obstacles to irrigated agriculture in semi-arid environments (BURKHALTER et al., 2005) .
Conclusion
1. The proposed model of hydrosaline dynamics of the aquifers in the Forquilha watershed can explain (1) contribution from the crystalline bedrock, and (2) leaching from the unsaturated zone fluctuations in the levels of salinity observed at different piezometers after rain floods as a result of either discharge from the crystalline bedrock or leaching from the unsaturated zone. Irrigation leads to a redistribution of salts from the saturated to the unsaturated zone of the alluvial aquifer, causing accumulation. The water in these aquifers may be used for irrigation, but represents a risk of soil salinization and alkalinization;
2. Further studies are needed to evaluate the risk of soil alkalinization in other geological and geomorphological contexts and to monitor fluctuations in saturated and unsaturated zones at high frequency (at least hourly). In fact, the hydrological dynamics of small alluvial aquifers are strongly dependent on local events occurring at a Use of water from small alluvial aquifers for irrigation in semi-arid regions greater than daily frequency, such as floods, evaporation (BORONINA et al., 2005) and anthropic activities;
3. Integrated management of surface and underground water resources in the Forquilha watershed can help control irrigation water quality (salinity and residual alcalinity), especially if the water is retrieved from shallow wells near the river bed, thereby rationalizing the use of reservoir water and minimizing losses from evaporation (BURTE et al., 2009 ).
